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Photo-oxidative stress markers reveal absence of 
physiological deterioration with ageing in Borderea 
pyrenaica, an extraordinarily long-lived herb 
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1 Departament de Biologia Vegetal Facultat de Biologia, Universitat de Barcelona, Avinguda Diagonal 643, Barcelona, 
E-08028, Spain; and 21nstituto Pirenaico de Ecolog6a (CSIC), Apdo. 13034, Zaragoza, 50080, Spain 
Summary 
1. In animals, age-associated disorders are believed to be connected to shifts in the antioxidantlpro-
oxidant balance in favour of oxidative stress. However, the conhibution of oxidative stress to ageing 
in long-lived perennials has not been explored to date. 
2. Here, we tested age- and sex-related changes in several photo-oxidative stress markers in Borde-
rea pyrenaica, a small dioecious geophyte relict of the Teliiary with one of the longest life spans 
ever recorded for a non-clonal herb (more than 300 years). Given that survival increases with age in 
B. pyrenaica, we hypothesized that oxidative stress does not increase with ageing because the spe-
cies develops improved anti-oxidant defence. 
3. In three field samplings performed dming 2008, 2010 and 2011 in the Central Pyrenees (NE 
Spain), we examined the effects of ageing and sex on photosynthetic pigment levels, psn integrity 
(F"IF11l ratio), lipid peroxidation, and the extent of photo and anti-oxidant protection in chloroplasts. 
Furthelmore, we explored whether age and sex affect plant response to severe natural desiccation. 
4. Both male and female plants maintained chlorophyll levels intact, as well as the F jFlIJ ratio and 
the levels of lipid peroxidation, ll-respective of age. This finding suggests the absence of age-
associated oxidative stress at the organismal level. Fulihelmore, photoprotection mechanisms were 
found to be sitnilarly efficient in the oldest individuals as in juvenile plants, in terms of xanthophyll 
cycle de-epoxidation and accumulation of low-molecular-weight antioxidants (carotenoids and 
tocopherols). Indeed, females ayer 100 years of age were the most resistant to severe desiccation, 
maintaining higher leaf hydration levels, less chlorophyll degradation and better psn integrity under 
stress than females below 100 years, males below 01' aboye 100 years, and juveniles. 
5. Synthesis. Neither males nor females of the extraordinatily long-lived B. pyrenaica show age-
dependent signs of oxidative sh'ess. This observation suggests that age-induced oxidative stress is 
not a universal feature of ageing in perennial plants. Indeed, females older than 100 years showed 
signs of negative senescence, in that they registered improved physiological performance with 
increasing age. 
Key-words: ageing, anti-oxidants, dioecy, ecophysiology, geophyte, matmity, negative senescence, 
oxidative stress, perennial herb, photoprotection 
Introduction 
The ageing of an organism is usualIy associated with a 
decline in physiological functions. At advanced stages, this 
deterioration is refiected by decreased fecundity and increased 
mortality risk (Ricklefs 2008). Studies on ageing at the organ-
ismal level are common in model plants like the annual 
*Correspondence author. E-mail: smunne@ub.edu 
Arabidopsis and rice (Noodén & Leopold 1988; Buchanan-
Wollaston et al. 2003; Um & Nam 2005). However, little 
attention has been devoted to ageing in perennials, thus limit-
ing our understanding of the process and its extent and sever-
ity in the tree of life. In addition, most studies on ageing in 
perennials have focused on cells or organs (leaves, fiowers, 
fruits or seeds, Franzese & Ghennandi 2011; Arrom & 
Munné-Bosch 2012; Sun et al. 2012; Wingler et al. 2012). 
Consequently, our knowledge of senescence at the organismal 
level in perennials is still very limited (Munné-Bosch 2007, 
© 2013 The Authors. Joumal of Ecology © 2013 British Ecological Society 
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2008; Watson & Riha 2010; Thomas 2013). The concept of 
ageing is widely assumed to be associated with degenerative 
processes (senescence). However, there is little evidence dem-
onstrating a negative impact of age on the physiology of 
long-lived perennials (Thomas 2002, 2013; Mencuccini et al. 
2005; Munné-Bosch 2007, 2008; Peñuelas & Munné-Bosch 
2010; Watson & Riha 2010, 2011). Indeed, sorne studies sug-
gest that the decrease in age-related performance in perennial 
plants is negligible (Finch 1998) or even negative (Vaupel 
et al. 2004). 
Several theories have been proposed to explain the senes-
cence phenomenon in animals. These include the free radical 
theory [accumulation of reactive oxygen species (ROS), 
Harman 1956; ], the hormonal theory (focused on the los s of 
the reproductive component of fitness, Bowen & Atwood 
2004), the genetic control of senescence (related to telomere 
shortening caused by a loss of telomerase activity with age, 
Olovnikov 1973) and evolutionary theories (accumulation of 
somatic mutations as the organism ages, Medawar 1952), 
among others. However, none of these theories have provided a 
universal explanation of senescence, and all of them have been 
at least partially inconclusive in perennial plants (Ally, Ritland 
f] & Otto 2010; Watson & Riha 2010,2011). Recent studies sug-
gest that, contrary to animals, perennial plants defy senescence 
mainly because of differences in development, such as the 
modular growth and the totipotency of plant meristems, which 
can remain viable after long periods of dormancy (Thomas 
2002; Munné-Bosch 2008; Peñuelas & Munné-Bosch 2010). 
At the organ level (e.g. leaves, flowers), ageing has been 
demonstrated to be related to an increase in ROS production 
g] (Dhindsa, Plumb-Dhindsa & Thorpe 1981; Sohal & Weind-
ruch 1996; Procházková & Wilhelmová 2007). This oxidative 
stress is linked to a defence response underlying cellular 
redox processes. These play an essential role in plant stress 
tolerance, but at high concentrations, they can also eventually 
lead to a decrease in membrane stability, an increased rate of 
lipid peroxidation and reductions in the levels of certilÍn anti-
oxidant enzymes and molecules that confer protection against 
oxidative damage (Dhindsa, Plumb-Dhindsa & Thorpe 1981; 
!l Zirnmermann & Zentgraf 2005; Munné-Bosch, Queval & 
rit Foyer 2013). However, information in the literature on age-
related oxidative stress (considering ageing at the organismal 
leve!) is restricted to one species, namely Cistl/s dl/sii (Cista-
ceae), a Mediterranean shrub with alife span of about 
15 years (Munné-Bosch & Alegre 2002; Munné-Bosch & 
Lalueza 2007). Results from studies of this perennial plant 
show that ageing increases the susceptibility of this shrub to 
oxidative stress, but only in individuals exposed to environ-
mental stress (surnmer drought). Ageing therefore seems to 
increase the sensitivity of organisms to oxidative stress, as 
occurs in humans (Harman 1956). 
Another important point to be considered in the ageing pro-
cess is the role of reproduction as a fitness component, which 
is expected to decrease with age, and the biological reproduc-
tive effort, which consequently is predicted to increase with 
age (Ricklefs 2008). In plants, the latter is generally under-
stood as the relative investrnent of resources in reproductive 
structures. Thus, ageing is assumed to have a negative effect 
not only on relative growth and the photosynthetic rates of 
leaves, but also on the consequent investment of photoassimi-
lates in reproductive structures (flowers, fruits and seeds, 
Munné-Bosch 2007). Therefore, an increased sensitivity of 
plants to a potential age-induced increase in oxidative stress 
in leaves can lead to a reduction in the number and size of 
reproductive structures. Furthermore, as increased reproduc-
tive effort promotes a physiological deterioration of leaves 
due to limited resource availability (Wingler el al. 2006; 
Oñate & Munné-Bosch 2009), dioecious organisms with a 
differential reproductive effort between genders are highly 
suitable systems in which to test the expected sex-related dif-
ferences in ageing. However, in tbis regard, there is no infor-
mation available on how male and female plants respond to 
stress caused by ageing in long-lived perennials. 
In this study, we tested the free radical theory of ageing in 
the extremely long-lived dioecious herb Borderea pyrenaica, 
with the aim to unravel whether individual plants become 
more sensitive to oxidative stress with age. Borderea pyrena-
ica is a small, non-clonal, dioecious geophyte found in the 
Central Pyrenees. The female plants of this species have a 
much higher reproductive effort than males (García & Antor 
1995b). Recent studies have demonstrated that vital rates do 
not decrease with age in males or females; on the contrary, 
they show signs of negative senescence (García, Dahlgren & 
Ehrlén 2011). Here, we explored the physiological mecha- ~ 
nisms behind this unexpected pattern and provide insight into 
the widely accepted assumption that long-lived organisms are 
subjected to senescence. Given that survival increases with 
age in B. pyrenaica (García, Dahlgren & Ehrlén 2011), we 
hypothesized that oxidative stress does not increase with age-
ing because the species develops improved anti-oxidant 
defence. More specificaUy, we examined whether oxidative 
stress decreases while anti-oxidant defence (mainly carote-
noids and tocopherols) increases with age. In addition, as 
reproductive effort differs between genders in this species, we 
also explored whether plants show sex-related differences in 
oxidative stress and anti-oxidant defence during ageing. Stud-
ies in the field did not reveal any physiological deterioration 
of tbis plant with ageing, but rather an improved performance 
in females older than 100 years. To further support, a pos si-
ble gender-specific case of negative senescence in terms of 
improved physiological response with increasing age, we 
performed laboratory experiments in which individuals were 
subjected to severe natural desiccation, so that the potential 
gender- and age-related differences in the response of plants 
to a severe stress were evaluated. 
Materials and methods 
SPECIES STUDIED 
The species used was Borderea pyrenaica Miégeville (Dioscoreaceae), 
a small dioecious geophyte endemic to alpine scree of the Central 
Pyrenees. Although a Tertiary relict with stable population dynamics 
(Dahlgren, García & Ehrlen 2011), this plant is classified as iJ 
© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, JOl/mal 01 Ecology 
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endangered by the regional government (Viñales, Sánchez & Alcántara 
m 2007). The aelial part of the plant (stems, leaves and lIowers) is pre-
fonned the previous year and overwinters in a bud, developing quickly 
in June (Fig. S 1 in Supporting Infonnation). Female plants rapidly 
produce mature fruits during July. The first signs of leaf senescence 
(chlorosis) appear late in August, and all aerial parts are dead by 
mid-September. The aerial stem leaves a scar on the bulb, allowing 
estimation of the age of an individual by counting the number of scars 
(García & Antor 1995a). Barderea pyrenaica is a strictly sexually 
reproducing herb, and it has one of the longest life spans ever reported 
for non-clonal plants (> 300 years old; García & Antor 1995a). 
SAMPLlNG DESIGN 
The population of B. pyrenaica studied is located in the Pineta valley 
(42°41'N, 0006'E, 2000 m a.s.l.; Spanish Pyrenees), where several 
thousand individuals grow in high densities on a north-facing rocky 
hillside (Fig. SI). The experimental design involved descriptive field-
work and experimental manipulation in the laboratOlY. 
Studies in the field with male and female plants of different ages 
were pelfOlmed to evaluate possible age- and sex-related increases in 
oxidative stress. These experiments were camed out dming three cam-
paigns in July of 2008, 2010 and 2011, when plants were fiowering 
and males and females could be easily identified. Leaf samples were 
taken on clear sunny days. Several indicators of leaf physiological sta-
tus (water content, oxidative stress and photoprotection mechanisms) 
were measured in samples collected at midday [at maxinlum incident 
photosynthetically active photon fiux density (PPFD)]. For biochemical 
analyses, samples were frozen in sill/ in liquid nitrogen and transported 
to the laboratory, where they were stored at -80 oC until analyses. 
Climatological conditions were monitored throughout the 3-year 
study to evaluate whether possible age- or gender-related effects were 
associated with climatic differences between years. The climate condi-
tions during the study were typical of high altitudes (2000 m a.s.l.) in 
the Central Pyrenees, with a yearly rainfall aboye 800 mm, mostly 
falling during the spring and autumn, and low mean monthly tempere 
atures during winter (November-Februmy, Fig. S2 in Supporting 
InfOlmation). The ddest year was 2011, particularly during the spring 
and summer. A similar overall amount of rain was received by plants 
dudng 2008 and 2010; however, precipitation pallerns differed along 
the years, being more unifonn1y distdbuted in 2008 and more irregu-
larly in 2010 (Fig. S2). 
Laboratory expedments were also conducted on plants from the 
same population to examine their response to severe desiccation. For 
this pmpose, we collected a total of 15 juveniles, 22 and 19 males, 
and 24 and 21 females under and over 100 years old, respectively, 
dming July 2011. The plants were then brought to the laboratOlY and 
immediately subjected to severe water stress conditions by keeping 
them on the bench without a water supply. Plants were desiccated for 
2 weeks at constant PPFD values below 10 Ilmol m-2 s-1 and a rela-
tive humidity of 50-60%. Chlorophyll fiuorescence was measured 
every second day up to day 9 after the onset of expedmental droughl. 
After that (day 10), a sample of leaves was used to estimate water 
content while another sample was frozen in liquid nitrogen and later 
stored at -80 oC until biochemical analyses of oxidative stress and 
photoprotection mechanisms. 
AGE ESTIMATION 
At the end of the expedment, bulbs were inspected carefully under 
magnifying glasses to estimate plant age, following García & Antor 
Ageing in Gn extraordinGrily long-lived herb 3 
(1995a; see Fig. SI for details). Age ranged between 1 and 
245 years for individuals studied in the field and between 1 and 
280 years for those used in the laboratOlY experimenl. Plants were 
grouped into three classes for subsequent analysis: juveniles (non-
reproductive plants under 50 yem's), males and females. Juveniles 
were considered to be plants under 50 years of age and without 
any reproductive structures (García & Antor 1995a). As all plants 
were fiowering dming samplings (an perfOlmed during July), these 
two parameters allowed us to identify juvenile plants as such. It 
should not be discarded that sorne juveniles could be confounded 
with young females that did not bloom the yem' of sampling; how-
ever, this is very unlikely due to size differences. For sorne analy-
ses, fiowering plants were grouped under and over 100 years of 
age. 
LEAF WATER STATUS 
Leaf water status was measured in the field studies and laboratOlY 
experiments to evaluate possible age- and gender-related differences 
in the physiological status of leaves. Leaf water content was expected 
to decrease as a result of a physiological deterioration with age and to 
be dramatically affected in desiccation experiments. Leaf water status 
was estimated by the following two indexes: the relative water con-
tent (RWC) of leaves as RWC (%) = (fresh weight-dry weight)/(tur-
gid weight-dry weight) x 100 and the leaf hydration (H) as 
H = (fresh weight-dry weight)/(dIY weight). 
PHOTO-OXIDATIVE STRESS MARKERS 
Measurements of the maximum efficiency of photosystem TI photo-
chemistry (FvfFm ratio), levels of photosynthetic pigments, chloro-
plastic anti-oxidants (carotenoids and tocopherols) and the extent 
of lipid peroxidation in leaves were used to examine the extent of 
foliar physiological deterioration with age. The FvfFm ratio and the 
levels of photosynthetic pigments and tocopherols were expected 
to decrease with photo-oxidati ve stress in chloroplasts. The extent 
of lipid peroxidation, as detelmlled by measuring bulk malondial-
dehyde (MDA) levels, was expected to increase with an overall 
oxidative stress at the cellular leve!. The FvfFm ratio was calcu-
lated following Van Kooten & Snel (1990). For this pUlpose, we 
used chlorophyll lIuorescence data obtained with a portable lIuo-
rime ter (Mini-PAM; Walz, Effelhich, Gelmany) in leaves main-
tained for at least 1 h in dm·kness. The levels of photosynthetic 
pigments (chlorophylls and cm'otenoids) and tocopherols were mea-
sured by HPLC, as described by Munné-Bosch & Alegre (2000) 
and Cela, Chang & Munné-Bosch (2011), respectively. The extent m 
of lipid peroxidation was estimated from the amount of MDA in 
leaves, following the method desclibed by Hodges el al. (1999), 
which takes into account the possible infiuence of interfering com-
pounds in the thiobarbituric acid-reactive substances (TBARS) 
assay. 
STATISTICAL ANALYSES 
The relationships between measurements of the response variables 
obtained in the field (RWC, H, FvfFm ratio, photosynthetic pigments, 
tocopherols and lipid peroxidation) and age were tested by linear 
regression using Spearman's rank correlation, separately considering 
the three reproductive effort groups: juveniles, males and females. In 
addition, age, group (males, females and juveniles) and yem' (2008, 
2010 and 2011) effects were tested using an analysis of covariance 
© 2013 The Authors. Joumal of Ecology © 2013 British Ecological Society, Jal/mal af Ecalagy 
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(ANCOVA, Bonfenoni adjusted), with sex as a fixed, year as a random 
factor and age as a covariate. In the laboratory experiment, differ-
ences between groups (juveniles, males, females and between age 
groups) were tested by two-way factOlial analysis of variance 
(ANOV A), using sex and age as factors. AII statistical tests were 
pelfonned using the spss package (Chicago, IL). 
Results 
LEAF WATER CONTENT UNDER NATURAL CONDITIONS 
Age-related effects on leaf water status were examined sepa-
rately for juveniles, males and females (the oldest sampled 
male and female individuals were 245 and 220 years old, 
respectively), and considering the climatic variability during 
the 3 years of the study (2008, 2010 and 2011). The RWC 
was around 80% at alI ages, but variability between individu-
als and gender increased during 2010 and 2011 (Fig. 1). This 
increase may have been associated with drier conditions dur-
ing the growing period (May and Iune) in those years com-
pared with 2008 (Fig. S2). An age-related decrease in RWC 
was observed only for juvenile and male plants in 2010 
(Fig. 1, Table 2). None of the groups showed age-related dif-
ferences in leaf hydration. A comparative analysis of average 
RWC values between groups during the study revealed that 
while RWC values averaged around 80% in males and 
females, water contents were more variable in juveniles, with 
RWC values ranging between 70.7% and 89% (Table SI in 
PHOTO-OXIDATIVE STRESS MARKERS UNDER 
NATURAL CONDITIONS 
The effects of age, maturity and sex on photo-oxidative stress 
at the organismal level were evaluated on the basis of chloro-
phyIl content (Chl a + b), the Chl a/b ratio and the maximum 
efficiency of PSII photochemistry (FvIFIII ratio), together with 
the levels of MDA, an indicator of the extent of lipid peroxida-
tion in leaves. ChlorophyIl levels were not negatively affected 
by age in males or in females in any of the 3 years of study, 
and only decreased significantly with age in juveniles in 2008 
(Fig. 2). Indeed, males showed a significant increase in chloro-
phyIllevels with increasing age during 2011. Nonetheless, tbis 
pattem was not observed during 2008 or 2010 (Fig. 2 and 
Table 2), nor did age infiuence the Chl a/b or F,.lFIIl ratios in 
juveniles and females in any of the sampling years, but the 
F"IFIIl ratio increased with age in males during 2008 and 2011. 
This pattem was not confirmed in samples coIlected during 
2010, the year with the smaIlest variability in this parameter 
(Fig. 2, Table 2). Similarly, MDA levels did not show any rela-
tionship with age for any year sampled, thus indicating constant 
lipid peroxidation levels within groups and across years 
(Fig. 2). Analyses of covariance revealed that neither Chl, 
MDA levels nor the F,.lF", ratio were significantly affected by 
age or reproductive status (Table 1). 
PHOTOPROTECTION MECHANISMS UNDER NATURAL 
CONDITIONS l1il Supporting Information). However, analyses of covariance 
indicated that neither RWC nor H was significantIy affected 
by age or reproductive status (Table 1). 
Given that the xanthophylI cycle is involved in one of the m 
main photoprotection mechanisms of plants, we examined the 
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levels of the xanthophyIl cycle pool 0lZA, the sum of 
violaxanthin, antheraxanthin and zeaxanthin), together with 
the de-epoxidation state of xanthophyIl cycle (DPS) in sam-
pIes coIlected during 2010 and 2011 (no material was avail-
able in 2008). Neither the VZA pool nor any of these 
xanthophyIls alone showed any significant variation in age or 
reproductive status (Fig. S3 in Supporting Inforrnation, 
Table 1), except that zeaxanthin levels and the DPS increased 
significantly with age in females during 2010 (P = 0.013 and 
0.018, respectively). However, the same pattem was not 
repeated during 2011 (Fig. S3, Table 3). 
Table 1. P-values of the analysis of covariance (ancova) to test for 
the effects of year (2008, 2010 and 2011), reproductive status (group: 
juveniles, males, females), age (as covariate), and group x age inter-
action, on severa! indexes of leaf water status, photo-oxidative stress 
and photoprotection in Borderea pyrenaiea under field conditions 
Parameter Age 
RWC 0.291 
H 0.728 
Chla+b 0.902 
Chla/b 0.811 
Fv/Fm 0.494 
MDA 0.531 
VZA 0.412 
Zeaxanthin 0.622 
DPS 0.663 
Lutein 0.743 
~-Car 0.820 
y-Toc 0.980 
('f.-Toe 0.362 
Group Year 
0.623 0.092 
0.281 < 0.001 
0.534 < 0.001 
0.805 0.192 
0.195 < 0.001 
0.518 < 0.001 
0.949 0.001 
0.922 0.021 
0.958 < 0.001 
0.783 < 0.001 
0.857 < 0.001 
0.129 0.001 
0.084 0.001 
Group x Age 
0.014 
0.339 
0.102 
0.583 
0.295 
0.398 
0.854 
0.977 
0.989 
0.545 
0.845 
0.050 
0.034 
In addition, we evaluated the extent of anti-oxidant defence 
in chloroplasts by measuring the accumulation of lipophilic 
anti-oxidants, such as the carotenoids lutein and p-carotene 
and eJ.- and y-tocopherols, in samples coIlected during 2010 
and 2011 (Fig. S4 in Supporting Inforrnation). None of these 
compounds changed significantly with age in any of the plant 
groups during these 2 years. p-Carotene levels increased in 
juveniles with ageing dúring 2010, but not during 2011. 
y-tocopherol levels increased with ageing in juveniles during 
2011, but not during 2010. In contrast, eJ.-tocopherol levels 
decreased with ageing in females during 2011, but not during 
2010 (Fig. S3 and Table 3). However, analyses of covariance 
revealed that neither of these anti-oxidants was significantly 
affected by age or reproductive status (Table 1). 
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Fig. 2. ChlorophyIl (Chl) a + b levels, ChI alb ratio, maximum efficieney of PSII photochemistry (F(JFIII ratio) and levels of malondialdehyde 
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© 2013 The Authors. Joumal of Ecology © 2013 British Ecological Society, JOlll'l1al of Ecology 
') 
!(¡ 
i! 
'1 
1'" 
i í 
'" 
'" 
1') 
!(J 
.' I 
) ) 
l' ) 
) } 
, , 
; i 
:/ 
! ! 
!"I 
!/ 
,'1 
,¡ 
6 M. Morales et al. 
00 
o 
~ 
" 1 
" 1 
r-..,-....,,--...,-....,,--... ,-.... 
C'1,..:...tlJ')01~tn 
'1"0 ""M 0<'1 
M0l0C'lOC'l 8Se,e,SS 
Mt-O\OO\O 
0'1""""1000\ ........ 0'\ 
.,.....¡Mo::;f.,.....¡t-.,......¡ 
000000 
I I 
f::'G'~ooM'M 
.,.....¡ ('1') ('f) o o V) 
0l'<;;f"M.,.....¡<o:;fM 
888882-
~~~~~~ ('lO.,.....¡MO"""" 
000000 
I I I I I 
.---.."-.....,,--..,,--.,,..- ,-.... 
o,......, tn ('f') ('1 N 
1:"--\0000000'\ 
e'l..q-O,......,'<;j"M 
888882-
'1"o,t'--t'--o,<'I 
,......, ,......, r:- M o \O 
.,.....¡OC'lC'lOO 
000000 
I I 
~~V)~t=:'G' 
M..q-MOOOO\O 
'1" M M '1" <'1M 
888888 
o:::::tt-\DOO""""''''''''' 
M r:- 00 o .,.....¡ t'-
0000...-10 
000000 
1 I 
.¿ 
'O 
~ 
.S j 
;g 
o 
v 
I'l., 
PLANT RESPONSE TO SIMULATED SEVERE 
DESICCATION 
Plant perfonnance after severe desiccation in the laboratory 
was evaluated by measuring leaf water status, photo-oxidative 
stress markers and the amount of photoprotective molecules. 
We tested for differences between juveniles, males and 
females, grouping individuals aboye and below 100 years of 
age. The RWC decreased from around 89% in juveniles and 
77% in both males and females under natural conditions 
(Fig. 1 and Table SI) to around 50% in experimental drought 
conditions (Fig. 3), and there were no significant differences 
between the aforementioned groups under water stress 
(Fig. 3). However, leaf hydration (H) values were higher 
among the oldest desiccated females (over 100 years of age), 
than in the remaining groups under sinúlar experimental con-
ditions. Likewise, the Chl a + b levels were higher in cente-
narian females compared with the other groups. No 
differences were observed in the Chl alb ratio between plant 
groups (Fig. 3). The FvfFIII ratio decreased with length of des-
iccation, and differences between groups were particularly 
evident after 7 and 9 days of water stress, centenarian females 
showing the highest F,'/FIII ratios, followed by females under 
100 yeirrs of age (Fig. 4). Males were equally as sensitive to 
severe desiccation as juveniles, irrespective of age (Fig. 4). 
Finally, the 1evels of anti-oxidant molecules (carotenoids 
and tocopherols), together with MDA, confirmed that 
centenarian females were the group with the highest photo-
protection capacity, as indicated by greater levels of VZA, 
and most particularly violaxanthin (Fig. 5). No differences 
between plant groups were observed in the amount of lutein, 
~-carotene, tocopherols or MDA (Fig. 5). 
Discussion 
Borderea pyrellaica was used to evaluate the effects of individ-
ual age and reproductive status on leaf water content, photo-
oxidative stress markers and the accumulation of photoprotec-
tive molecules. To date, very few studies have considered age 
as an intrinsic factor triggering physiological degenerative 
processes at the organismal level in perennial plants (for a 
complete list to our knowledge, see Munné-Bosch & Alegre 
2002; Mencuccini et al. 2005; Munné-Bosch & Lalueza 2007; 
Oñate & Munné-Bosch 2009; Ally, Ritland & atto 2010; m 
Hernández, Alegre & Munné-Bosch 2011). The present study m 
is the first specifically designed to test for age-related changes 
in oxidative stress markers in a very long-lived perennial. The 
oldest plant used for field studies was 245 years old and wbile 
for laboratory experiments, it was 280, although the maximum 
life span is estimated to be ca. 350 years (M. Oñate, unpubl. 
data). We evaluated whether demograpbic, negligib1e or nega-
tive senescence in tbis long-lived perennial geophyte (García 
et al. 2010) correlated with improved physiology, and the m 
extent to which photo-oxidative stress markers are indicative of 
degenerative processes with ageing in tbis long-lived herb, as 
occurs in short-lived annual plants, such as Arabidopsis thali-
alla (Wingler et al. 2006; Abreu & Munné-Bosch 2009). 
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Table 3. Con'eIatíon coefficient (r2) and P-values (in parentheses) of Spearman's rank cOlTelation analysis to cOlTelate the photoprotectíon param-
eters [xanthophyll cycle pool (VZA), zeaxanthin, de-epoxídation state of the xanthophyll cycle (DPS), levels of lutein, p-carotene, and y- and CJ.-
tocopherols 1 with plant age 
2010 201l 
Parameter Juvenile Male Female Juvenile Male Female 
VZA 0.282 (0.175) -0.159 (0.181) -0.004 (0.491) -0.401 (0.062) -0.212 (0.207) -0.090 (0.370) 
Zeaxanthin -0.1I0 (0.360) -0.283 (0.050) 0.406 (0.013) -0.062 (ü.410) -0.347 (0.086) -0.028 (0.459) 
DPS -0.097 (0.377) -0.176 (0.156) 0.383 (0.018) -0.064 (0.408) -0.372 (0.071) -0.177 (0.256) 
Lutein 0.475 (0.050) -0.167 (0.168) 0.175 (0.178) -0.365 (0.082) 0.103 (0.347) -0.289 (0.139) 
p-Carotene 0.506 (0.039) -0.148 (0.198) 0.234 (0.107) 0.016 (0.476) 0.142 (0.293) -0.293 (0.135) 
y-Tocopherol 0.213 (0.243) 0.261 (0.065) -0.073 (0.356) 0.464 (0.035) 0.002 (0.497) -0.258 (0.168) 
CJ.-Tocopherol 0.177 (0.282) 0.128 (0.232) -0.032 (0.436) -0.028 (0.459) 0.1I4 (0.327) -0.439 (0.026) 
P < 0.05 shown in boldo 
100 Age=NS 25 = Juvenile Age P= 0.036 B Sex = NS = Male Sex P=0.024 
80 
Age x Sex= NS _ Female Age x Sex P = 0.008 20 
A A A 
60 A A 15 .01 
u~ 1;,0 $~ " :C~ 
o:: e..... 
" 
UO) 40 10 S 
20 5 
4 Age-NS Age - NS 4 
Sex= NS Sex = NS 
Age x Sex P = 0.012 A Age x Sex= NS 
3 A A A 3 
Ji1 
A 
A 
-roo ~ -50) 2 2 »~ 
.c :c 
.... ~ U ro2 
<1l ro 
-' ;;: 
-9 
O O 
Juvenlle Age < 100 y.o. Age > 100 y.o. Juvenile Age < 100 y.o. Age > 100 y.o. 
Mature Mature 
Fig 3. Relative water content (RWC), hydratíon (H), chlorophyll (Chl) a + b levels and the Chl a/b ratio of leaves of juvenile and mature plants, 
considering 2 age groups in the latter group (below and aboye 100 years), desiccated in the laboratory for 9 days. Significant differences between 
groups were tested by two-way factorial analyses of variance (ANOVA) with plant age and sex as factors. Different letters indicate differences 
between age groups usíng Tukey's post hoc analyses (Tukey's test, P < 0.05). Data represent the mean ± SE of 11 = 15 for juveniles, and 22 
and 19 males and 24 and 21 females below and aboye 100 years, respectively. NS, not significant. 
Individuals of B. pyrellaica did not show any sign of physi-
ological deterioration with age in tenns of photo-oxidative 
stress. Oxidative stress resistance may be behind the absence 
of age-related degenerative processes in the extremely 
long-lived herb B. pyrellaica. Not only were no signs of physi-
ological deterioration, in tenns of photo-oxidative stress mark-
ers, observed at advances ages in field studies, but females 
older than 100 years showed improved perfonnance in 
response to severe desiccation in laboratory experiments, as 
indicated by enhanced leaf water status and decreased degrada-
tion of photosynthetic pigments. Changes in photosynthetic 
pigments not only included a higher retention of chlorophyIls 
under stress but also higher levels of xanthophyIl cycle 
pigments, which play an essential role in plant protection 
against oxidative stress (Dall'Osto et al. 2012). These resuIts 
could therefore explain the higher PSII integrity in females 
over 100 years of age in the 1aboratory experiments. 
Extrinsic factors playa critical role in physiological ageing. 
A study of the shrub C. clusii, with a life span of about 
15 years, demonstrated that photo-oxidative stress in leaves 
increased with age only during surnmer droughts, a typical 
Mediterranean combination of water deficit and high solar 
© 2013 The Authors. Joumal of Ecology © 2013 British Ecologícal Society, Joumal of Ecology 
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1.0 
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Fig 4. Dynamics of the maximum efficiency of PSII photochemistry 
(F,JFIII ratio) during desiccation of leaves of juvenile and mature 
plants, considering 2 age groups in the lalter (above and below 
100 years), in the laboratory for 9 days. Significant differences 
between groups \Vere tested by three-way factOlial analyses of vali-
ance (ANOVA) with plant age, sex and time (days) as factors. NS, not 
significant. Data represent the mean ± SE of 11 = 15 for juveniles, 
and 22 and 19 males and 24 and 21 females belo\V and aboye 
100 years, respectively. 
radiation (Munné-Bosch & Lalueza 2007). In the present 
study, no signs of photo-oxidative stress were observed within 
the unusually long life span of B. pyrenaica, despite the fact 
that field samplings were performed on clear sunny days and 
therefore at high solar light intensities of around 
2000 ~lmol m-2 s-\ and temperature may exceed 35 oC on 
scree surfaces. Furthermore, the pattem observed was consis-
tent across years despite substantial differences in natural con-
ditions (2010 and 2011 were drier than 2008), which may 
increase ROS production in chloroplasts. Indeed, juvenile 
plants and males showed a decrease in RWC with age during 
2010. This reduction could be associated with decreased 
water availability during May, June and July, a cornmon pat-
tem described in other species (Bray 1997; Larcher 2003). 
These adverse conditions did not lead to increased photo-
oxidative stress in the oldest individuals, thus supporting the 
notion that this species is not subjected to senescence. For 
instance, the oldest males did not show increased photo-
oxidative stress compared with their younger counterparts, 
and the oldest females did not show any sign of water stress 
despite their higher reproductive effort and the possible sink 
effect exerted by large developing fruits. Indeed, females 
showed increased zeaxanthin and DPS values with age during 
2010, which suggests increased photoprotection as ageing 
progresses. These observations therefore indicate that females 
were not only more efficient than males at maintaining water 
homoeostasis under changing climatic conditions, but also 
displayed greater higher photoprotection capacity. It is also 
noteworthy that the F,JF11I ratio rose with increasing age in 
males during 2008 and 2011 (P = 0.049 and 0.001, respec-
tively). This increase was due to decreased PSII integrity 
(smaller F,JFIIl ratios) in younger individuals compared with 
the oldest ones, thus suggesting that the oldest males 
responded similarly (2010) or even better (2008 and particu-
larly 2011) than their younger counterparts in periods of 
photo-oxidative stress. 
Plant performance after severe experimenta:I desiccation in 
the laboratory supported the pattem found in the field. 
Although the biological significance of results obtained in this 
way is limited by the fact that de-rooted bulbs do not neces-
sarily reflect what would happen in nature, these results give 
us an idea of the potential of this particular species to respond 
to extreme desiccation. The oldest females (aged aboye 
100 years) showed the greatest resistance to desiccation, as 
indicated by the time course evolution of FvlFm ratios, fol-
lowed by females younger than 100 years, while males and 
juveniles showed a similar response. Females also displayed a 
greater capacity to withstand extreme desiccation, as indicated 
by higher RWe values, FvfFm ratios and an increased reten-
tion of xanthophylls under severe stress. Given that similar 
results were obtained in de-rooted plants and in aerial parts 
without bulbs (data not shown), we propose that the resis-
tance to simulated severe stress, like that performed in labora-
tory conditions, lies partly in the somatic (lea±) tissues, rather 
than in an increased accumulation of water ancl/or nutrient in 
bulbs in feinales. The bulb and the root system also play a 
major role in controlling water homoeostasis in this species. 
Males and females with larger bulbs and roots showed less 
variation in Rwe values between years compared with juve-
niles, which may be more susceptible to variable climatic 
conditions. 
Apart from the capacity of plants to respond to variable cli-
matic conditions, several factors may additionally contribute 
to the extraordinary life span of B. pyrenaica and other small 
perennial geophytes. Several studies propose that size is a key 
determinant in age-related decline in growth vigour of mature 
trees, such as the Scots pine (Pinlls sylvestris, Mencuccini 
et al. 2005). Therefore, it is likely that limited size protects 
small geophytes from sorne size-related physiological deterio-
ration that occurs with ageing in several other larger perenni-
als, such as shrubs and particularly trees. In Urtica dioica, 
size was not found to be responsible for the maturity-related 
declines in growth vigour (Oñate & Munné-Bosch 2009), and 
reproduction was proposed as the main cause for such a 
decline and the shift to perenniality of non-reproductive 
shoots. In B. pyrenaica, the altemative use of 5 meristems 
(only one is activated each year) may allow a 5-fold reduction 
in the potential physiological deterioration with age, implying 
that a 200-year-old plant has a 'physiological' age of 40 years 
in terms of meristem ageing (Oñate, García & Munné-Bosch 
2012). This could explain the absence of photo-oxidative I§ 
stress in this species and the several-fold reduction in 'physio-
logical' ageing, which has been considered of capital impor-
tance in decreasing mortality rates in both plants and animals, 
including human populations in the change from hunter-gath-
erers to today's populations with the lowest ever morta:Iity 
(Burger, Baudisch & Vaupel 2012). The altemate use of mer- 1m 
istems may decrease the potential harrnful effects of deleteri-
ous mutations and seasonal shoot development (with leaves, 
flowers and fruits appearing during spring and summer only, 
© 2013 The Authors. Joumal of Ecology © 2013 British Ecological Society, JOlll'l1al of Ecology 
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Fig 5. Levels of xanthophyll cycle pool (VZA), violaxanthin (V), zeaxanthin (Z), lutein, p-carotene, cHocopherol, y-tocopherol and malondialde-
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cation in the laboratOly. Significant differences between groups were tested by two-way factOlial analyses of variance (ANOVA) with plant age and 
sex as factors. Different letters indicate differences between age groups using Tukey's post hoc analyses (Tukey's test, P < 0.05). Data represent 
the mean ± SE of 11 = 15 for juveniles, and 22 and 19 males and 24 and 21 females below and aboye 100 years, respectively. NS, not signifi-
can!. 
and being absent during most of the year, except the bulb), 
thus preventing potential physiological deterioration above-
ground during most of the year. Furthermore, B. pyrenaica is 
one of the slowest growing plants ever reported, because 
bulbs of centenarian individuals weigh less than 5 g (García 
& Antor 1995a). Therefore, the amount of biomass accumu-
lated over centuries is very small, and consequently, the need 
to maintain permanent viable stmctures is limited to the bulb 
ouIy. Furthermore, this bulb is protected inside rock crevices 
and thus is protected from predation. AH these factors can 
explain the extraordinary longevity of this small geophyte. 
Another point to be considered in the present study is the 
age range studied and the maximum life span of a given spe-
cies. The maximum age of the plants in this study was 
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280 years of 350 years noted as the maximum life span (Le. 
80% of the maximum age). Therefore, it cannot be excluded 
that senescence occurs in plants only after 80% of the maxi-
mum life span is reached, that is, beyond the limits of our 
study. In any case, if senescence does not occur, what causes 
these plants to die? Indeed, only very few studies have shown 
increased mortality rates associated with physiological deterio-
ration at the organismal level in perennial plants (picó & 
Retana 2008; Herrera & Jovani 2010). It cannot be excluded 
that the ageing effect in these studies was masked, at least 
partly, by changing climatic conditions and/or plant size 
throughout the years of study. In this regard, it has been 
shown that regional warrning and pathogen attack rather than 
ageing are the most likely contributors to tree mortality rates 
(Silvertown, Franco & Pérez-Ishiwara 2001; Allen et al. 
m 2009). Therefore, it appears that up to the age addressed here, 
mortalíty in B. pyrenaica is due to factors extrinsic to the 
plant, that is, biotic or abiotic stressors that can lead to the 
death of these individuals in the Central Pyrenees, such as 
pathogens, regional warming during the surnmer or more 
stochastíc events of freezing during the winter. 
Conclusions 
Borderea pyrenaica does not show age-related signs of oxida-
tive stress. In contrast to plants with shorter life spans, this 
species has a great capacity to deal with the potential degen-
erative effects of ageing. This finding therefore demonstrates 
that age-induced oxidatíve stress is not a universal feature of 
ageing in plants. Given the much higher reproductive effort 
of females of this dioecious plant, theÍr performance is of par-
tícular interest, because not only did they show no signs of 
physiological deterioratíon with age, but even demonstrate 
improved performance, as indicated by activatíon of photo-
protection mechanisms. Individual response to severe experi-
mental desiccation also suggests that the prevention of 
physiological deterioratíon with age may be related partly to 
the particular ecophysiology of the leaves of this species. The 
altemate use of meristems, a high degree of stress resistance, 
meristem dormancy and seasonality of growth may explain 
the extraordinary longevity of this small perennial geophyte. 
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Supporting Information 
Additional Supporting Infonnation may be found in the online ver-
sion of this m1icle: 
Figure SI. Borderea pyrenaica plants in the lab bench (A), with a 
detail of the scars used to age individuals (B), the size of a bulb (C), 
and plants growing in the Central Pyrenees (D). 
Figure S2. Climatological conditions during the 3 yem's of samplings 
(2008, 2010 and 2011) at Pineta valley, including monthly precipita-
tion and monthly mean air temperature. 
Figure S3. Levels of the xanthophyll cycle pool 01ZA) and zeaxan-
thin (Z), and de-epoxidation state of the xantbophyll eycle (DPS) in 
leaves of juvenile plants (oJ'ange eire/es), males (broll'n eire/es) and 
females (blue triangles) in three independent samplings pelfOlmed 
during July 2008, July 2010 and July 2011. 
Figure S4. Levels of lutein, p-carotene, y-tocopherol and Cl-tocoph-
erol per unit of chlorophyll in leaves of juvenile plants (o/'ange eir-
e/es), males (brown eire/es) and females (blue triangles) in three 
independent samplings pelforrned during July 2008, July 2010 and 
July 2011. 
Table SI. Relative water content (RWC) of leaves of juvenile plants, 
males and females during the 3 years of samplings (2008, 2010 and 
2011) at Pineta valley. Data represent the mean ± SE and the number 
of individuals analyzed (n). 
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Graphical Abstract 
The contents of this page will be used as part of the graphical abstract 
of htrnl only. It will not be published as part of main. 
Neither males nor females of the extraordinarily long-lived Borderea pyrenaica show age-dependent signs of oxidative stress. 
This observation suggests that age-induced oxidative stress is not a universal feature of ageing in perennial plants. Indeed, 
females older than 100 years showed signs of negative senescence, in that they registered improved physiological performance 
with increasing age . 
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